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‘1’IaIIspoI t pI-OpCI tics of !al~c single mystallinc samp]cs of
Ru2Gc3  p, IowI) from the melt have bcm invcstigatd  in a 25-1000
C tmpcrature  Iangc. A difl’usionlcss  transitiotl  bctwccn  500 and
550 (; (i otn a l)ip,}~ lclnpclat~lle  tctlagol~al structulc  to a  l o w
tcmpclatulc or [Ilorhombic.  stI ucture  w a s cflcally Obscl”vc(l.
Results showcxi that both the low tcmpcIatuIc 01 [hot hombic an(i
the higl~ t cmpmat  ulc Stl”llctlll”al tctl-agonal phase  arc
sclllicc)]lclllctors,  SoInc anisotlopy  of the  transpor  I cocflicicnts
\vas dctcllllincd  by Inc,asur in~ the samp]cs  in orientations parallel
arid pcI pcn(iiculal 10 the plcfcvcntia]  dilcction  of uystal g, Iowtl I.
1.argc. Sccbc.ck codlicicnt  (up to 400 ILVK-l) and l o w  thc[mal
cotlduc.tivity  ( as low as 20~1 0-3 Wcm-lK-1) WCIC achieved fof the
low tcmpc;ature OI (horhombic  phase. IIifl;culties  in plcpal-ing
heavily doped saIIlplcs and low 1 lall nobilities have Iilnitcd
values for Ihc maximum fig,uIc ofmwit  to 0,5x10-3 K-l at 500 C.

JN’J’J?OI)lJC’J’J  OIV

l{xtcmsivc Ihcolc.tics] and cxpclimcnta] studies llavc Icsultcd itl
reasonable imp] ovuncmts  in the dimcnsiolllc.ss  fip,urc of merit 7,’1’
(11]) to 50’%) of the s t a t e  o f  the al-t higl~  Ic[npc[atu[e
thclmoclcctric Si8{JGc~[j alloys in the last 5 years [ 1 ]. 1 ]owcvcr-,
significantly hif:hcl- matmial  convcI  sion cfl; cjicncies  arc needed to
make tl~clt~l(~clcctlics  c.ompctitivc and economically attladivc,  A
new app[oach  [2, 3] that looks at Iadically  difTclcnt  compounds
and alloys was Iccxmtly staltd at the Jet l)lopulsion  l,aboratoiy
(J])],). ScvcIal  Si-l-ic.l~ tIal]siti()r~I  ~~ctals  ilici(!cs\ \itl~l~i&l~I~  ~cltit~~;
point, complex crystal  sttuctutcan(i  high (Ict]sity  l+crci(lclltific(i
as high lcmpclatu[c  iclllicotl(ltlctors”  with good potential fol high
7,’1 values [4]. III palallcl  witl]  ttlc stu(iy of Ruz Si3, plc.pal-ation
ant{ high tcmpclatu[e  transpol(  plopcfties of l<u~(icl  have bccul
invcsti~atd  at Jl)l.,

1



. .
,.

R u t h e n i u m  scsqlligcllllallicic,  l{uqGc3,  arl(i its isostmctul  al
a n a l o g s  l<uz Si3 arid RuzS113, ale known as “ctli[llllcy-la(l(lc~”
cx)mpounds  cha[actu  ind by Ionp, tct T agonal  unit calls consisting,
of ktin  type subcdls of Ru atoms s(ackcd onc OH top of the
othm, and a Mical all aa~~cmcnt  of Ihc olhcr Gc, Si or SD atoms
[5]. ‘J’hcy have been shown to un(icrgo  a difhsionlcss  phase
tta~MO1 mation from an ol-thol  hombic ccllt[o-sylllrllctric  l o w
tcmpcl-atu[c slmctulc  10 a tct[agonal  Ilc)[l-cclltl  c)sy[lllllctric  high
tcmpc[atulc stl uctulc [6]. ‘Illcsc  tla(lsfc)l-lllatiolls,  due to shell
displacements ofthc (it, Si 0[ Sn atoms, arc l-cvcrsit~lc  and OCCL]r-
fyadually  ovcv a wide tcmpcralu[c  Janf,e, Some pIopcI tics of
these compounds vmrc p]cviously investigated by prcpal-ing,
scvc[-al  lc-mdtings of the clcmcl]ts  in l{l; and al c f[llnaccs  until
the final plo(iucls  contained only single phase dcfind  by
mdallo~laphy  and X-1ay p o w d e r difl’aclion  analysis [6,’7].
RuzSi3  and I<uZG+ compoumls dcmonstl-atcc]  scrllicc)ll(l~lctillg,
pr-opcl-lies wit h hip,h temper atulc modifications cncr~y  gaps of
().44 and 0.34 cV, lcspcclivdy. “1’hcsc ~aps illcrcasc
(iiscolltillllollsly  w h i l e  t h e  compoumis undcfgo  diflisionlcss
phase tlallsfc)llllatiorls into the low tctnpclatulc  modifications,
Ruz(icl  decomposes pclitcctically  at a tcmpclatul c of 1 4700(;
[ 8 ] ,  GIOLV[l] o f  Rul(ic3 can bc achicvcd  by cl-ystallization  of
slightly oil’-sloicl]ic)rllctl  ic (ic-lictl  sc)lutions.

lI:XI’lI;I<IM ICN’I’AI  . I) IC’J’AI 1,S

Glowth  expel imcnts with valious  ILll and (ic compositions
showcxi  that ~oo(i quaiity sin~ic phase l<uzGc3  salnpim coui(i  be
obtait]cci  from mei[s  containing 38 at. OA flu an(i 6’2 at.YO Gc [9].
Cr-ystaiiization  flom cfomimsitions  ciosu to the 2:3 stoiciliomctl  ic
l-atio lcsultc(i in incisions of Ru(ic, thus (icmonstlating  that tile
i~clitcdic  piatcau o f  l<ut(ic3 cxtcn(icd to 62 at, O/O (it.
l’olyclystailine  inf:ots,  even witil gtairl cl”oss-sections :is ialgc  tis
5 - 7  mm, Lvc[c ilcavily  crackcxi.  1 lowcvc,r,  n~ost  of the clacks
wmc iocatc(i  at  tile p,laia  boun(iarics, thus the c[ackicss  sin[~ic
cl-ystaiiinc glains w i t h  ciimcnsioas  of up to 6~6d  mm3 WCI c
ma(iily  avaiiabic for invcstip,ation. oniy  complctciy  sin~ic
crystalline it~gots  VJCIC foun(i to be c[ack-fmc. Anaiyscs  of 1,auc
pattcm lakcn at ?5 (; from such sampics (ictcl-mined [ 1 10] to bc
the plcfemntial  (iilcction ofclystal  ~fowth  [9],

Aii pl ci~alc(i  samijics WCJ c mcasul  ccl fol fooln tcmpcratul  c
IIail cfl’cct.  Single phase samples of g,ooci mechanical strcn~th
WCIC aiso mcasur mi fol hip,h tcmpmatulc 1  lall cfkct,  Scckck
cocflcicnt an(i tl~crl~lal  con(iuctivily. IIccausc of the comi)lcx
clystal stmctul”c  o f  RUZ(; C3, the possibic  anisotl opy of tile
transport  l)]opc[ tics lla(i to bc taken into account. h40s~ of tile
th in  slims (about 1  mm thick an(i 1  omm in (iiamc[cl)  wmc
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lmfiml~tal  cuts and thus Sccbcck and thcmal conductivity were
lncasulcd  palallci  (l[)t(~tl]c}~lcfclclltial  [110] direction ofclystal
gmwtb wllilc IIall cmcflicicnt  and clcdrical rcsislivity  Wcl-c
mcasulcd  pcll)cndiculal  (. I ) to Ihc [110] dircc(ion of clystal
glmvlh,

S o m e  IIlidg,lnall gl-own inp)ots Wc]-c mechanic.ally stronc
cnm~h (few clacks)  10 allow vcl-(ical slices to bc cut. on these
vcltical thin slices, Sccbcck  cocfl; cicnl and thermal conductivity
were mcasu[cd  J to the [ 1 IO] dilcc.tion  of crystal .gmwth while
1 lall  cocfl;cicnt  ad clcctl ical lcsistivity  were mcasulcd  II to the
[ 11 O] di[ cction of crystal ~mw(tl, IIy combining measured
propel-lies f!om both holiz,c)ntal  and vcl-tical  cuts located next 10
cac.h  othc], anisotfopy  latios ami values for the fip,urc  of merit
could bc calculatd  f~l lmth the II and .1 direction to the [1 10]
di[cct ion of c[yst al growth.

I<lI:SIIJ,’J’S  AN]) I) IS(;(ISSION

l{oom tcmpcl-atui  c 1 lall  cfl’cct

h4cas\t1cmcnts,  illustlatcd  on 11’ig,L]Ics 1 a n d  2, showcxi that
almost all of the investigated samples were of p-type
conductivity. ];igulc 1 shows the decmasc  in 1 lall  mobility at
room tcmpcraturc  with lal-p,cl earl-icr concentrations, JIighcst
mobility values obtained for umiopcxi samples wclc about 100
cm2V-]s-]  foI a cauicl cone.cntlation of 1 X1 017 cm-3, ‘1’hc highest
i~urity  Ru~Gcl  g,town fi om a 95 at ,70 (ic solution  ha(i the lowest
cauicr  concfmt[ation  (2,4x 101C’  CIn-3) ht the IIall mobility was
actually IOWCI (50 ctn2\f-lsl). Samples (iopcci  witil a variety of
clcmcnts show (Ilat the Inobiiity  (icc[cascs little when inc[casillg
cxlricl  concct)tlatioj~s  fiolll 1 0] 7  CIn-3 up t o  1019 Cm-s,  thUS
cflcctivcly  iowclinp,  thcclcctlic,al  r-csistivityby  almost two ol-dcrs
of magnitu(ic, as seen on l;igul”c  2, llowcv~]-,  bccausc  mobility
values alc allca(iy low (about  10 (o 40 cm2V-ls-1) Ihc c.lcctrical
lcsistivity  of these sami>]cs  still  remains onc or(icr of magnitude
hi~llc.rtilal~  (icsilcxi (about  20 to 70x10-3 Q.cmwhi]c  statcofti~c
al( tllcllllocicctl  icl]latcrials  havcclcctric,ai  rcsistivity  valucsinthc
0.5 to 5X103 Q.cm range).
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l;igulc 1 Room tcny)cratllrc I lall  mobili ty vm sus cjal i icd
conccntl-ation f o r  doped and undopcd  l<u~Gcl
samples.

IIighcrdoi)ant  cfollcclltlatiolls~  lsillg( }al}siti(>l} metal clcmcnls
such as Co, CJ, II, Mn, h 4 0 ,  N i ,  1)(, Rc and 1{1) citllcl  did ]lot
succeed in incmasingca[licx  conccmtl ations 0[ msultcxi  in an VCIS
fast c!cgl-a(latiollo  fttlcll  l[)t)ility(l  l-l” slope). l;igu1c2 shows tt~;t
no gains in electrical lcsistivity \$’crc m a d e  fbr carlicl
conccntl  ations Ianp,inc t-loll)  lol~  clll-~ up to 1021  CI)l’J. 11)

C@lltf’a  St, co]umn ]]] cicmcmts,  Al, (ia and ln, as ivcll  as Sn wcic
succcssfl]lly intloduccd  10 10WCI  t h e  clcd] ical Icsistivity  value
dowl)to3  to 5X IO”3Q. CI1l.

Using a simple  substitutional dcfcc( schmc, onc would expect
Al,Cia,al~({ll~tc)r-cs~ll(  i[~~~-tyl~c  col~(lllcti~~ity  astllc~~l  cl~laccttlc
Gcinl<uzGc3. IIowcvcv,  Ga- arid Al-doped samp]cs WC(C often
ofn-type conductivity at room Ic.mpmatulc.  Similal’  Icsults wuc
also obtaind  in samples heavily (iopd  with dcmcnts  such asl{h,
Cc) o r  cvcm Sn. IIccauscllalt  cflkd mcasumncn[s  c.onsistcntly
s h o w e d  hi~l~ clcctl  ical  rcsislivi(y (> 100 X10-3 fl. cm) and low
mobility (< 1-2 cm2V-is-]),  these filldinp,s alc aitributd  to onc 01
scvcjal  of the following lncchanims: a) cxccss dopan[ folmcd
sccc)nd  phases (metallic colllpounds  with 1<11 01- (ic exist) of
metallic behavior and vc[y poof- mot)i]ity;  b) samples arc
compcnsalcd, Icsulting in vcIy s m a l l  IIall cocfi~cicnt, h i g h
clcctl-ical rcsistivityad thus vcly]ow  mobility; c) localiz,cd lcvds
~lccj>il]  tllcllalld  gall llavcbcct~ ucatcd;  d) n-typccal-ticl mobility
isvcl-y low. A(l(litio[\al  cx])c.]il]~c!~ts  wo(]lcll)clcqt)ilc(l  10 ICSOIVC
these finctinp,s.
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F’iguw 2 Room tcmpcratum clcct[-ical  msistivity  versus Cal-licl
conccntl-ation for d o p e d  and undopd  RuJ(ic3
samples.

‘1’hc ralionalc  for Ihc use of Sn was that solid solutions mist
bctwcm  t h e  isostructul-al RuqGc3 and l{u~Sn3 compoun(is  ( a t
Icas[ up to ‘8 mol, Yo of RuzSn3), ‘1’hc l{u1Sn3 compoumi  is a vmy
heavily (iopc(i SCJIliCOI)CIL]CtCJ]-  in its low tempc[ atum phase anti
i]as mctaliic  bchaviol  in i t s  i]igh tcmpcxatul-c  p h a s e  [ 7 ] .  Sn
a(i(ii[ions  into RuzGc3 w e r e  l i k e l y  to pmducc hig,hcr cauim
conccntl-ations  in the “un(iopc(i”  soli(i solulion  (as WCII as Iowcr
thcmal  cc)miuctivity). ‘1’hc iowcst  electrical rcsistivity  values
vmrc obtaincci  in p-type samples (iopcd with nominal amounts of

in an(i Sn in Ihc 1 to 2 at o/o range, 1 lowcvcr, even in these
samp]cs t hc best mobiiity vaiucs wcxc about 4 to 8 cm2V-1  s-’ for
call icr concentrations in the 1 OZ” cm-3 range.

1 ligh tcmpcratul-c  1 lall  cll’mt

Scvclai  good quality RulGc3 samples were mcasumi  hm
1“00111 tclnJxTatllI”c  up to 1000 c. liigurc 3 presents clccl[  ical
[csistivity valum as a fllnction  of the inverse oftcmpc[-aturc.  an(i
l;igurc4  plots l]ali l~lol)ilit~’valllcsas  a fllnction  oftcmpcraturc
Al tl~chighcsl  tcmpclatul”cs,  typical electrical mistivityan(i  IIall
mobility values of 2.5x10-3 Q.cm an(i 10 CII)2V-l S1 alc obtainc(i,

regardless ofdopinglcvcls.  ‘I’J~is  isl)cca(lsc  ll]cl~igl~  tclllJ~clalLllc
tctl-agonai  i)ilasc i~as an intlinsic  scmiconductil]g  bctlavior, mu]
for the most heavily (ioi>cd  samplm prci~arc~i  in this cfl’ort.  A
ban(igap value of 0.58 cV was cicrivcd. ]Iclow 500 C, the tow
tcmpcl-aturc  ol-thohombic  stmctural  phasct  of RNZGC3 shows that
intrinsic bc]laviol-  is rcachc.(i  fm Icmperaturcs  higher tl)an  -400 C
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l;igulc 3 1 lig:h tcmpmatul-c  clccl[ ical  Icsistivity vcms invm s c
of Icmpmatuw fol’ d o p e d  and undopcd  l{ul(icq
samp]cs. Mcasurcrncnts  WCIC  car I icd out citl~cr
.1 to the [1 10] dircxtion ofcfystal  gyowlh.

la-l I , U,i, d

o m 4m am ml Km lm

Taqwdm (~

l;igurc 4 1 lip,h tcmpc.ratu]c  1 lall  mobility VCI sus tcmpc[atu[c

for Ciopc!(l and Llldopc(l l<u2(k!3 sall~pics.
Mcasul  cmcnts WCI-C call id out citlm II 01 .1 [o t h e
[1 10] dit-cction  ofmystal gfowth

A bandgap  value of 0.71 CV was dcvivcd  fi om Ihc c.ompa[cxl
with a value of 0.89 CV dctcmincd  by photoclc.et] ockmical
mcasurcmcnts conductcxi  callim [ 9 ] ,  Salnples wi[h the IOWCS[
e l e c t r i c a l  rcsistivity  values  did l~ot  s h o w any Iluc inllin sic
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behavior-. lnslcad, the stlai~llt  part of llK CUIVC on l;i~urc  3

comsponfds  10 the  thcmal ionization ctm~y of the impurities
used for doping  lb2Gc3. Similar results can be distinguished
albeit  wi th  mole (iifl~culty  on the o ther  Cjul-vcs, Rcxults  am
displayed in ‘1’able  1.

“J’able 1: ‘J’llcllllali  olli7.atic)l)c  ~lcr~ics

‘1’hc increase of JIall mobility with tcmpcraturc  for the low
tcmpcl-ature phase indicate that the samples ale compensated at
foom tcmpcralurc. IIccausc the band,gap  is much too Iargc to
account fbr this at mom tclnpcrature, these Icsu!ts appear to
show that a more complex band structu[c exists such as deep
localized levels, metallic in character, situated in the bandg,ap.

WhcII tcmpcratuI-c  i n c r e a s e s , thcil  conl[ibution  diminishes as
calricrs fill the higher mobility and 10WCI  ctTcctivc  mass main
valcncc  band, ‘1’his indicates that the optimum thcrmoclcc!ric
pl-opcvticx  of l<uzCic3  will bc obtained for the low tcInpcIatuIc
phascwhcn  compcniation  cflccts  arcminimiz.cd, that is bctwccn
400 and S00 C.

Sccbcck  coefllcicnt

It is quite lcmarkable how the vatiatic)ns or the Sccbcck
cocfl; cicnt with tcmpcraturc  in l;igure  5 arc qualitatively similar
to those of the 1 lall mobility in l;igure  4. 1 lowcvcr,  much larger
v a l u e s  ale obtainccl  fbr the Sccbeck cocfLcicnt  than for the
mobili[y fol- n-type samples. ‘1’his can bc intc]pl-ctcd  as n-type
earl-icm having large cfl-cctivc  masses, thus quenching the
mobility but enhancing the Sccbeck cocfllcicnt. ‘J’bus, tllc
l)c:,inning  o f  tllc h i g h  tc]npclatule  intl-insic  Ic~ilnc  d u c  t o

Cmmpcnsation  by p-type c.arricls of significantly Iowcl cfl’cctivc
masses would bc much more rapid for the 1 lall  mobility than for
t h e  Sccbcck cocflicicn(. At tl~c lowest tcmpcraturcs,  most
samples showed surprisingly low Sccbcck vaiucs as well as low
1 lall  mobility values. Nearly i(lcntical observations wci-c n)a(ic
fbr 1{uzSi3  [2, 1 O], Considcl-ing the large” band~ap  values of 0.72
CV and 1.08 cV of RuzGc3 an(i 1<uzSi3,  rcspcctivcly, it appeared
(iifllcull to reconcile cc)llll>c[lsatioll-like Cfl’cct  s at low
t cmpcl aturc and intl-insic conducliol]  a t  hip)l tcmpcratu[-c,
l)rcliminaly  theoretical attempts working only in terms of several
valence and/or conduction bands were not able to lCpI-OClL]C,C  this
Imhavior. ‘1’his could bc explained, as noted before, by the
exist cnce of (iccp locali~cd levels metallic in behavior. Additional
data on more hcavi!y doped samples would be lcquircd.
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l+’igul-c  S 1 ligh t cmpcr  at m Sccbcck cdlkicnt v e r s u s
tCInpCI atulc for ciopcd  and undopcd  lh2Gc3  s a m p l e s

(mcasul-cd  II toIhc[110] dilcc(ion of ctystal p,lowth).

Still l<uzGc3 is an intclcsting  llmmoclcctl-ic  matwial a s
maximum absolute Sccbcck values of 400 IIV/K can k achicvcd
for both n-type and p-type samples. ‘1’hc low SccbcCA values duc
10 intrinsic con(iuction  of the high tcmpcuatul  c slruc(ulal  phase
r-ulc out any hope of achieving high figu]-c of mmi( values. IIcst
rcsul!s fol Rut(;c3 al-c to bc cxpcctcd bctwccn  ?,00 and 500(;.

~1’hcmal con(iuciivi[y

‘1’hcrmal  collductivi(y was mcasu[-cd on scvclal  samples with
valious  doping levels. ‘1’hc expel  imcmtal  heal capacity value ~vas
vc]y slip,htly Ialp,c} than the high tcmpcl-atu]c  1 lulon~-1’ctit value
of O.297 Jg--l K-l. l:i~,ulc  6 clcal ly shows that most of the samples
had similar thclmal  conductivity values. A minimum of about
20x I 0-3 W.cm-l.K-l at 400 C is obtaincxl fbl the low tcmpcraturc
c)ltllof-llollloic”  phase. ‘1’his is a low value but it was cxpcctcd  fol
Ihc complexity of the RutGc3 unit cell and the wcip,ht  of the Ru
and Gc clcmcnts.
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};igurc 6  1 lip,h I m p e l ’ a l l l l ” c  lIICI  ml conductivity v~] s~]s

tcmpmatum  foI d o p e d  ad umlopc(l  RuzGc3 samp!cs
(masuml II to Ihc [ 11 O] dircctio~l  of cl-ystal  growth).

‘1’hc clcctmnic  c o n t r i b u t i o n  ( b i p o l a r  t e r m  duc to  intr ins ic

COlldllCtiOll) flllly d o m i n a t e s  t h e  inclcasc of the themal
conductivity with tcmpcratul  c f o r  t h e  high tcmpcratul-e
Iclragonal  phase. Some of the ingots  grown from melts slightly
] ich in Gc ha(i inclusions of pLIJ-c  Gc. ‘lllc prcscncx of SLICh

illClll  SiOllS COllSi  St Cl)t]y  I’CSll]t Cd iIl tkl”[lla]  COlldUCtiVity  ~oO/O

llig,hcl-.

.Allisotfol~iccN cc.ts  al]clfi~(]]coftllcrit

]Iccausc  of  the  clonp,atcd  stmcturc of  the  orthorhombic
RU2GCI unit ce l l ,  anisotropic  t r a n s p o r t  pl-opmtics could bc
cxpcctid, Scvc] al ingots WCIC cut so that samples croul(l be
measured in directions [1 and .1 to the [110] dircc.tion  ofcl-ystal
growth. One of the samples (I{LJGIII  8 labeled “/” in ‘1’able 2)
was even cut at a 45° ang~c to the dircc.tion  of crystal gl-owth to
cvalllatc  tllc[csl]ltso  fall avciagco  ]-iclltatioll.

Rcsu]ts al-c l-cportcxl  in ‘1’able ? for I-oc)m tcmpcraturc }Iall
cfTccrt mcasurcmmts. l)iflkmnccs in carrim cmnccnt[ation  ( o r
hall c.ocilcicnt)  and electrical rcsistivity arcnolar~cr  than 500A.
l~c)r a equivalent cauim concc.ntration, it appears that mobility
val~lcs in the II ol-icntation  arc always slightly Ialgcr than those in
the .1 orientation. llowcvcr,  much larger diflcrcnccs  in ca[-ricl
concentration, mobility and electrical rcsistivity  }~’cleobtai[lcd fo[
sample RlJ(if{16. “1’his COUI(I  be e x p l a i n e d  b y  t h e  f a c t  t h a t

R1JGI;16 samples were lalgc single clystallinc  plates while the
othw samp]cs \vcrc C?omposcd of several g,lains. Some



diso[icntatioll  Of tksc {:l-ail~s  would mult in avmagc  propmlics
and thus Icss variations  bctwccn the .1 and II cuts.

‘J’able ?: Anisotropy  ofthc transport  pmpcrlics  of p-type RU2GC3

%lmplc  1/ OI icntation n 1111 P
I{ UG1;16 .1 3.99X1017 14.46 1083
111-( k)pc(l II 5.79xlol~ 26.2!4 41.0
RUGJ;17 .1 6.91.1018 14.00 64.6

1,-m)c~ [ II 7.58xlol~ 16.32 50.5—
R(JGfi18 .1 l.osxlol~ 19.08 310.3
111-do jlcrl II 1.67,101S 17.24 2.17.4

/ 1.49xlol~ 18,47 226.1
RUG[121 .1 3.97 XIOIS 35.26 44.5
sll-ck)pc’(1 II 3,91xlol~ 38.46 41.6

IImausc much  largm difl’cl-cnccs  wcm observed for RUG] i 16
samples, all Ihcil  hip,h  tcmpcratul  c thcrmoclcctl”ic  propcrlics  wcf-c
mcasu!cd.  Results alc illust[atcd  in l:igul-cs 7, 8, 9 and 10. ‘1’hc
val iations of earl ic[- concentration as a function  of the inverse of
tcmpelatulc al-c displayed on l:igulc  7. At the bcginnins  of the
mcasul mcnt, t  hc cal-ricl- conccnt  ration mcasumd  in t h e  I [
01 icnlation is about 1‘2 times lal-gc[- than in the .1 o r ien ta t ion
1 IOWCVC[, this (iilTclcncc  sh[ank rapidly as tcmpcraturc incrcascd
(hc.sting cl]} vcs Iabcic(i “h”) At 350 C, values in the two
ol-iclltations  alc much closcl”,  within 10 lo 20°/0. “1’his small
difl’crcnco  remained up to 1000 C and back to loom tcmpcraturc

(coolins  C(II vcs labclc(i  “ c ” )

I

,: 1~+18
L.

m
u

IH17 I t ;1 ] i“{’”i I

0.5 1 1.5 2 25 3 3.5

l a m  (K)
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l;i~ul-c  7 ] ]ig]l [CVIlpCIatLII  c CRI  I icI c o r l c c n l [ - a l i e n  VCI-SLIS

tcmpmatu[c i-of i n - d o p d RU2GC3 samples
(RUGI1l 6). h4casurcmcnts  II and .1 10 t h e  [ 1 1 0 ]
dilcction  of cjrys(al  gmwlh arc compared.

on l’i~ulc 8, 1 lall  mot)i]ity  values for both II and .1
olicl]tatiollsarcl~lottc(l  asa fllnclion oftcmpcrature.  ‘I’akin~ into
account the simultaneous changes ia carrier concentration on
l;iEulc7, tllcllall  rll(~~)ilit}~  lllcasllrcdillll)c  II oriclltatiollisabo~lt
50°/0 higllcl  tllall  the ])lo[)ility Incasurccl  ir) the .1 orientation.
“1’his lcsulls  in much ]owcl va lues  ofthc clcctl-ical I-csistivity  in

o lmmm4mm6mmw3  9(KI

Ttnpxdm (Cj

l:ip,ulc 8 1 li[;h Icmpc[alule  1 lall  mobility vcI sus
for” IW(iopc(i RU2GC3 samp]cs

h!icasu[cmcn(s  II and J t o  t h e  [  1 1 0 ]

clys(al  gt owlh  alc compalcd,

lam  Ilm

tcmpcraturc
(RIJGI; 16).
direction of

‘1’hc va] iatiolls Of tl}c Sccbcck  mcfllcicnt  in temperature were
found tO fOllow closely those of the mobility (l~igurc  8), values
measured in the II orientation being about  200/0 hig,hc[-  than lhc
lnobility  mcasulcd  in the .1 or ientat ion.  No s igni f icant  clifl_crcnc.c

bctwccn  the  /[ and .1 orientations was mcasurccl for the thcmal
con(iuclivity. “Ilis was cxpcctcd since the incrcasc  in clcc[ronic
contribution 10 tllc total thermal conductivity duc to lower
clcctl ical fcsistivily values in Ihc [1 orientation was still negligible
compal  cd to the lattice Ihcl mal conductivity.
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samples and a{ a tclnpcratulc sli~htly  klow  500 C upon cooling
oflhc  samp]cs (see liigum 7 an(i 8).

As a conscqucnc,c  of these finclinr,s,  the best powcl factor and
fi~u[ c of mer i t  va lues  were  obtainc(i II to the prcfcrcnlial
(iircction  of c! ystal .yowlh, as sc.cn on l~igulcs 9 and 10
Icspcctivcly,  A maximum Z’]’ value of about  0.4 was obtained at
S00 C alonp,  the [1 10] olicntation.

CONC1,1JS1ON

‘1’hc wolk o n  l<u2Cic3  sho\vcd  t h a t  s i n g l e  c[ystals  of t h i s

matc[  ial could  bc prcparc(l  using, unsccdc(i  dimcticmal

uystalliz,  ation  from slightly c)fl-stoicl~iol~lctlic  Gc-1-ich  melts. A n
cx[cnsivc  X-Iay  analysis dctcrminc~i  tile ptcfcrcntial  (iircction  of
crystai  g owth as [ 11 O]. 1 ligh tcmpctat  ur”c mcasul-cmcnts  of the
ll-anspol-[  propmlics  of (iopc(i  an[i un(iopc(i  l<u2Gc3  s a m p l e s
(ictcl  minc(i Ii)a[ bolil  the i)igh tcmpcraturc tctragonai  phase and
the low tcmpcratulc O1-thol  IIolllbic i)llasc wclc p-tyim
sclllic.oll(illctols.  IIan(ig,ap values of about 0,59 cV an(i (),71 cV
Jvcl-c calculatc(i  flom IIaii cflcct  an(i Clcctlicai  rcsistivity
mcasurcmcnts, llolvcvcl”,  i t was found that only the
ol-lhol-hombic  slluctul”al  pi~asc of Ruj{ic.]  ila(i a good potential
fol- ti]cunoclccttic  applications with lar~jc Sccbcck coc~lcicmt
( b o t h  J1-tyjX  an(i n - t y p e )  and l o w  thcmal  cronciuctivily.
lJnfol lunatcly,  the low values of ii]c call icl- mobility, the inability

to achicvc optimum (ioping icvcls an(i lhc rapid (iccxcasc ofthc
mobiiity witi] illcl-casin,g  earlier concentration maintainc(i  a higil
cicctl-ical  Icsistivity an(i limitc(i  the (iimcnsionlcss figul’c  of mciit
toalllaxilllLllll  ''ex~~cr  il~lcIltal''  val(lc()f O,4at 500(;,

‘1’i]c work ticsclibc(i in this papcl  was callic(i out by the .lcl
l)loi>liisiolll, alJolatol>~/C;ali  folllia”  lllstitlltc  of ’1’ccllllolop,y,  uncicr
a conttacl uilh  ti]c National Aeronautics anti Space
A(it~li[~istlati[)t~.  ‘1’i~is  cfhlt  was sponsoIc(i  bytilc Knolls Atomic
l'o\~'cl-  l,al)oratoI-)~,  Scilcllccta(i}f,  Nc~v Yc)Ik, ‘1’l~calltl~orsu~o~ll(i
like to thank Jim Kuliick for cl-ystallogiaphic  analyses, ]knisc
lwinc, l)anny  Ymltan  and An(iy Zoltan fo) plcpal”ation  an(i
mcasurcmcnt  ofti~csampics.
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